The thermal energy transfer across molybdenum thin films on silicon substrates has been observed by a picosecond light pulse heating method under the rear heating-front detection (RF) configuration. A picosecond laser with 1550 nm wavelength is introduced as a heating laser. Since silicon is transparent and molybdenum is opaque to that wavelength, the surface of the molybdenum film on the silicon substrate side can be heated directly. Another picosecond pulse laser having a wavelength of 780 nm was incident on the front surface to observe the temperature history curve. Thin films were deposited on silicon and synthetic quartz substrates under the same batch process for present observation. The thermal diffusivities of the films are 3.8 × 10 −5 m 2 s −1 , which were calculated from the one-dimensional heat diffusion equation considering the heat effusion from the films to the substrates. Those values were independent of the substrates. This report demonstrated that the light pulse thermoreflectance method under the RF-type configuration could be applied to a wide variety of thin films on silicon substrates that is familiar to electronics industry.
Introduction
Heat generation in electronics is a key engineering issue, because an elevated temperature is a leading cause of the failure of electronic chips. Thus, thermal management becomes crucial with the reliable data of thermophysical properties. Since almost all electronic devices are fabricated using thin film technologies, the quantitative measurement of thermophysical properties for materials in the form of a thin film is highly demanded. Among the different measurement techniques, pulse heating thermoreflectance is the most popular and has been used extensively in order to investigate the thermophysical properties of thin films of metal, ceramic and dielectrics as well as the boundary thermal resistance between films [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
A rear heating-front detection (RF) type picosecond thermoreflectance system has been developed by National Metrology Institute of Japan (NMIJ/AIST) [13] . The principle is shown in figure 1. The RF configuration is similar in geometry to the macroscopic laser flash method [14] [15] [16] . In this configuration, the heating pulse is incident on the film face of the substrate side, and the temperature rise on the open surface is detected by a thermoreflectance method. Since we can directly observe the thermal energy transfer over a definite film thickness, thermal diffusivity of the thin film can be determined quantitatively from the heat diffusion time across the film thickness. Recent investigations using the RF configuration have been carried out for metal and ceramic films on glass substrates [13, [17] [18] [19] [20] [21] . In pulse heating thermoreflectance techniques, solid-state lasers such as a Ti/sapphire laser are often used to obtain fast light pulse with the duration from sub-picoseconds to several picoseconds. The wavelength of the Ti/sapphire lasers is near-infrared region that penetrates well most glass substrates and single crystals, e.g. sapphire, MgO, SrTiO 3 and so on. However, due to the opacity of silicon wafers to the above wavelength, there was no report of RF-type thermoreflectance measurements of thin films on silicon (Si) substrates despite its importance in electronic industry. Since the band gap of Si is about 1.1 eV, which is equal to the wavelength of about 1100 nm, it is considered that the RF-type thermoreflectance measurement should be applicable to the Si substrates when a laser source with wavelength higher than silicon's band gap is introduced.
In this paper, we observe thermal energy transfer across thin metal films on the Si substrate by the thermoreflectance method with the RF configuration. An infrared pulse laser travels through the Si substrates and heats the film surface of the substrate side directly. To measure the thermal diffusivity of the films quantitatively, the temperature response model considering heat effusion from the film to the substrate is applied to the observed temperature history curve of the films on Si and on synthetic quartz glass (SQG) substrates. Figure 2 is a schematic diagram of the picosecond pulse laser thermoreflectance system. A mode-locked fiber pulse laser with 1550 nm wavelength, repetition frequency of 20 MHz and pulse duration of 0.4 ps was used as a heating laser. Table 1 shows the reported absorption coefficients of Si at a wavelength of 1450 nm [22] . The absorption coefficient at 1450 nm is negligibly small because Si is transparent below its band gap energy, i.e. 1100 nm wavelength. It can be considered that
Experimental details

Apparatus
Normalized thermoreflectance signal (phase) Si is transparent at 1550 nm. Thus, the thermoreflectance measurements with the RF-type configuration are possible for thin films on Si substrates. The amplitude of the heating beam was modulated at 100 kHz with a fiber-coupled lithium niobate optical modulator (LN modulator) and the operation signal was supplied by the signal generator-2. The heating beam traveled through the Si substrate and then focused on the film with a power of 70 mW and with a spot diameter of 200 μm. A pulsed diode laser having a frequency of 20 MHz and a wavelength of 780 nm was used for probing the temperature change on the film surface. The pulse duration time for the probe laser was 400 ps. The probe beam was focused on the film surface opposite to the heated area with a spot diameter of 100 μm and with an average power of 2 mW. The reflected probe beam was detected by a silicon photodiode. The ac component of the photodiode signal synchronized with the modulation frequency was detected by a lock-in amplifier. The pulse repetition of both lasers was locked by a reference signal from the signal generator-1. Thus, the delay of the probe pulse relative to the heating pulse was controlled electronically by the signal generator-1. The maximum observation time was 50 ns for the present system.
Specimen
The thin films of molybdenum (Mo) (600 nm) deposited on Si (1 0 0), Si (1 1 1) and SQG were prepared by a dc sputtering technique. The Mo thin films on different substrates were deposited under the same batch process using a Mo target with dimensions of 381 mm × 127 mm and with an electric power of 2520 W. Ar gas was used as sputtering gas. The depositions were carried out at 250
• C substrate temperature. During the sputtering, the Ar pressure inside the chamber was maintained at 0.4 Pa. The crystalline state of the 600 nm Mo films was investigated by means of x-ray diffraction. In-plane electrical conductivity was measured by a four-point probe method. Figure 3 shows the transient thermoreflectance phase signal [18] of a 600 nm Mo film on Si (1 0 0) and SQG after the subtraction of the linear contribution of the temperature decrease [20] . At time zero (t = 0), a heating pulse arrives at the film surface on the substrate side and heat transfer starts toward the bare film surface. The signals were normalized with its maximum value. The observed temperature history curves were similar to those of the laser flash method for macroscopic measurements [14] [15] [16] . In this figure the temperature rise after the zero time and the temperature decrease after the maximum rise in the temperature of the Mo film are faster in the Si substrate compared to the SQG substrate. Such behavior of the thin film on Si can be explained from the larger heat effusion into Si in comparison with SQG.
Results and discussion
To determine the heat diffusion time across the film thickness and to describe the effect of heat effusion into the substrate on the temperature history curve, a film/substrate system is introduced. In this system the film has a finite thickness, and the substrate is semi-infinite. One-dimensional heat diffusion perpendicular to the surface is assumed since the heat diffusion length for a typical metal for observed time scale 12 ns is less than 1 μm, which is sufficiently smaller than the heating spot of 200 μm. The temperature response on the front surface for the film/substrate system based on the response function method is described as follows [12, 13, 17, 23 ]
where T = of the film, c p is the specific heat capacity, ρ is the density and τ f is the heat diffusion time across the film expressed as
where k is the thermal diffusivity, erfc(x) is the complementary error function and γ is the multiplication coefficient for the amplitude of the virtual heat sources [12] defined by equation (3):
where b f is the thermal effusivity of the film and b s is that of the substrate. Thermal effusivity b is defined as follows:
The boundary resistance between the film and the substrate is not considered in this model. Figure 4 shows the temperature history curve of a 600 nm Mo film on Si (1 0 0), Si (1 1 1) and SQG with the fitted curve based on equation (1) . The fitting parameters were the heat diffusion time τ f , the temperature scale T and γ . The thermal diffusivity was calculated from τ f using equation (2) . The thermal diffusivities of all Mo thin films were 3.8 × 10 −5 m 2 s −1 . The values were independent of the substrates as listed in table 1. The absorption coefficient shown in table 1 was taken from the reported [24] value of Mo at 1550 nm. The film thickness used for the thermal diffusivity calculation was measured by a surface profiler. The scatter of the thickness measurement was ±5 nm which is less than 1%. The propagation of this uncertainty on thermal diffusivity is less than 2% according to equation (2) . Table 2 shows thermal effusivities of Mo, Si and quartz glass. In the case of Mo, the thermal effusivity was calculated from the measured thermal diffusivity, density and reported specific heat capacity [26] . The density of the Mo thin film was determined by the Rutherford backscattering technique using a 94 nm Mo thin film on SQG substrates prepared under Table 2 . Thermophysical properties of Mo, Si and quartz glass. . The thermal effusivity of Si was calculated from the reported thermal conductivity, heat capacity and density data [27, 28] . To calculate the thermal effusivity of SQG, the reported density and thermal conductivity of the quartz glass were used [29] . Using the thermal effusivities as shown in table 2, the values of γ for Mo/SQG and Mo/Si were calculated using equation (3) as shown in table 3 along with the γ values (γ exp ) directly read out from the fitting parameters. The γ exp was consistent with that calculated. Thus, the nature of the thermoreflectance signal is dependent not only on the thermal diffusivity of the film, but also on the heat effusion from the film to the substrates.
The observation of same thermal diffusivity on different substrates can be justified with the measurement results of x-ray diffraction and electrical conductivity. Figure 5 shows the x-ray diffraction pattern of Mo (1 1 0) for the films on three kinds of substrates synthesized by the same batch process. In this figure, there is no significant difference in peak width and peak magnitude. From the peak width, the grain size of the The thermal diffusivity and the electrical conductivity of the Mo films were smaller than those of bulk Mo. According to table 1, the thermal diffusivity of the 600 nm Mo film was 70% of that for bulk Mo, and according to table 4 the electrical conductivity of the thin Mo film was 45% of that of the bulk. The results are not consistent with the prediction by the Wiedemann-Franz law. The electrical conductivity measured by the four-point probe method was in-plane conductivity. On the other hand, the thermal diffusivity measured by the picosecond thermoreflectance was out-of-plane thermal diffusivity. The discrepancy might be attributable to the anisotropy of the metal structure synthesized by sputtering. The film formed by sputtering was composed of thin columns of diameter several tens of nanometers perpendicular to the film surface. It is considered that this type of column formation might result in the physical properties of the thin film being different from those of the bulk. Similar behavior was reported earlier [17, 21] .
Thus, we concluded that the thermal diffusivities independent of the substrates were reasonable since the thermal diffusivities are consistent with the x-ray diffraction pattern and the electrical conductivities.
Conclusions
The thermal energy transfers across the thin metal films on Si substrates were observed for the first time under the RF thermoreflectance method by using the mode-locked fiber laser with 1550 nm wavelength.
We observed the temperature history curves of thin Mo films on Si and synthetic quartz substrates. The calculated thermal diffusivity values were independent of substrates with a thermal diffusivity of 3.8 × 10 −5 m 2 s −1 . The thermal diffusivity of the Mo film on different substrates was consistent with the uniform physical properties of the crystal structure and electrical conductivity.
This report demonstrated that the light pulse thermoreflectance method under the RF-type configuration could be applied to a wide variety of thin films on Si substrates that is familiar to electronics industry. It is expected that the productivity of quantitative thermal diffusivity measurements of the thin films will be improved by this measurement method.
